The method to obtain phonon dispersion of achiral single-wall carbon nanotubes (SWNTs) from 6 × 6 matrix proposed by Mahan and Jeon 7 has been extended to chiral SWNTs. The number of calculated phonon modes of a chiral SWNT (10, 1) is much larger than that of a zigzag one (10, 0) because the number of atoms in the translational unit cell of chiral SWNT is larger than that of an achiral one even though they have relative similar radius. The possible application of our approach to other models with more phonon potential terms beyond Mahan and Jeon's model is discussed.
Single-wall carbon nanotube (SWNT) can be thought of as a sheet of graphite rolled into a seamless cylinder.
1 SWNTs have attracted much interest on their transport properties of heat or electricity. In electric transport process, scattering of the electrons by the phonons is of great importance.
2 Therefore SWNTs' phonon dispersions over the full Brillouin zone are necessary for computation of this topic. Theoretically, a number of approaches have been developed. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Ye et al. 3 used the ab initio supercell approach to obtain the phonon dispersion curves for chiral SWNTs. Their result is accurate only for the high-energy vibrations. Dubay and Kresse 10 used the full ab initio approach and zone folding method with the force constants obtained from the ab initio calculation to study the phonon dispersion relations of armchair and zigzag SWNTs, i.e., only achiral SWNTs. Mahan and Jeon 7, 19 have pointed out the weakness of the zone folding method. The zone folding approach, which although works well for electric states, does not work for phonon states. Electron states are solutions to a scalar wave equation while phonon states are solutions to a vector wave equation. By ab initio calculations, Sánchez-Portal et al. 9 studied dispersion relations of SWNTs with different chiralities and radii. The system they studied involves approximate 100 carbon atoms, and needs large computer resources. Popov et al. 4, 6 proposed a symmetry-adapted lattice-dynamical model for SWNTs. They considered the screw symmetry of the SWNT, kept a two-atom unit cell, and reduced the dynamical matrix to a six-by-six matrix for the SWNT with arbitrary chirality. They found that the breathing mode frequency is inversely proportional to the radius of the tube. Popov et al.'s work is one of the methods which transfer force constants from graphite to the SWNTs. However, their method needs many force constants determined by experiment. Mahan and Jeon proposed a model with minimal number of force constants to calculate the phonon dispersion of armchair and zigzag SWNTs, 7 obtained the physical results, but their approach is restricted to achiral SWNTs with highly symmetric structures.
In the present paper, we investigate theoretically the phonon dispersion of SWNTs with arbitrary chiral index (n, m). We follow the algorithm proposed in Ref. 7 and extend it for our calculations to chiral SWNTs.
In SWNTs, we locate A atoms at the lattice site R j and their three nearest neighbors B atoms at site R j + δ. Unit vectorδ reflects the direction of δ. Figure 1 shows a commonly-used coordinate system for two-dimensional graphene, with primitive lattice vectors are
. For SWNTs, the chiral vector is defined as C h = na 1 + ma 2 , the pair of integers (n, m) characterize the chirality of SWNT. When a sheet of graphite is rolled into a cylinder, the points (0, 0) and (n, m) coincide. The radius of SWNTs, R = |C h |/2π.
Consider a type A atom located at lattice site (t, l) on 2D graphite sheet. When the graphite layer rolls up to a (n, m) SWNT with radius R, the atom positions, in 3D Descartes coordinate system are (c = 3a/2, θ z = √ 3a/R)
where
and In this notation, the three unit vectorsδ i arê
We keep a two-atom primal cell for SWNTs, however, different from Refs. 4 and 6, we exploit the screw symmetry of SWNTs in a cylindrical coordinate system, which is much easier to understand. For SWNTs, the basis of lattice vectors in real space are α 1 = 2π N , τ ≡ ψ, τ , α 2 = (0, T ). The reciprocal lattice vectors are
, and d R is the greatest common divisor of 2n + m and n + 2m. Obviously, α i · β j = 2πδ ij , i, j = 1, 2. For SWNTs, the phonon states have two quantum numbers (q, α) to describe their wave vectors. In the first Brillouin zone,
In a cylindrical coordinate system [ρ, θ, z], the displacement of the atoms A and B in radial, tangential, and z directions are denoted by Q sρ , Q sθ , Q sz , (s = A, B), so the displacement of atoms are
Introduce collective displacements Q A(B),qα,r ,
where r = (ρ, θ, z). Since the displacement Q A(B),tl,r is real, we have
The phonon dispersion is found from a model with three adjustable force constants, 7 which is a spring and mass model with minimal number of parameters that give a physical result. The phonon potentials of this model reflect effects of first neighbor springs, second neighbor springs, and radial bond bending force. The phonon energies will vanish if the SWNT is rigidly translated or rigidly rotated along the axis. Therefore, the dynamical matrix obtained from these phonon potentials have correct symmetry, which ensures the phonon eigenvectors to be correct for the SWNTs. 5, 7, 8 For the first neighboring spring, the phonon potential energy V 1 is
The displacement Q is a complex quantity, the real and imaginary parts of which are independent variables, but we only need the force on Q, δV /δQ * , to obtain the
where the elements of the dynamical matrix for the first neighboring spring are
where s iz ≡ sin( For A atom with coordinate R A , its six second neighbors are at,
The unit vectors to them arẽ
To spring between the second neighbors, the potential term for A sublattice has six parts:
They can be reduced tõ
|. The dynamical matrix for the oscillation of the A sublattice is 0 = det
wheres iz ≡ sin( For a sheet of graphite, the vibrations perpendicular to the plane are well described by bond-bending forces. For SWNTs, radial bond bending is reflected as
j are the first neighbors of Q j . If Q j denotes an A atom, the normal vectors are
The phonon potential V 3 leads to a dynamical matrix 0 = det
−sc − cs 2ss
where c ≡
is the spring constant for radial bond bending.
We add together all three interactions with the weights r 1 = 1, r 2 = K 2 /K 1 and r 3 = K 3 /K 1 , and get six equations: ones. Mahan obtained this result by elasticity theory. He showed that the results are independent of chirality due to the in-plane isotropic nature of sound waves in the tube. 12 The phonon dispersion relation obtained by the present method has been applied to study chirality dependence of the radial breathing phonon mode density in zigzag, armchair, and chiral SWNTs, and the influence of the phonon mode density for two phonon resonant Raman scattering problem. 22 We use the minimum number of the force constants that give a physical result (vanishing frequencies of acoustical and flexure phonons at the Γ point). In the present work, we clearly write out all the matrix elements of the six-by-six dynamic matrix in Mahan and Jeon's model. Theoretically, it is not difficult to extend our method to the models with more nearest neighbors taken into account. This work is in progress. In addition, we plan to investigate how the increased number of nearest neighbors affects the results.
In summary, we developed a computational method to calculate the phonon dispersion relation of SWNTs with arbitrary chirality, and obtained reasonable results. In contrast to the chiral SWNTs, the chiral ones with similar radius to them have more phonon modes due to the the larger number of carbon atoms in one translational unit cell for chiral SWNTs. From the phonon dispersion, we can do further research on the phonons-involved phenomena.
